Introduction {#s1}
============

Second generation antipsychotics [@pone.0093310-Albaugh1] are the first line medications for acute and maintenance therapy of schizophrenia, due to fewer neurological side effects and arguably greater improvement in negative symptoms, when compared with first generation antipsychotics [@pone.0093310-Miyamoto1], [@pone.0093310-Jarskog1]. However, the use of many atypical antipsychotics is well-recognized to be associated with serious metabolic adverse effects, such as weight gain, type II diabetes mellitus, and hyperlipidemia [@pone.0093310-Newcomer1]. Olanzapine is a broadly prescribed second generation antipsychotic for the treatment of schizophrenia, bipolar disorder, and depression. However, it is also one of the atypical antipsychotics carrying the highest risk of significant weight gain [@pone.0093310-Muench1], [@pone.0093310-Citrome1]. A recent review of 34 placebo-controlled clinical studies reported an average weight gain of 3.8--16.2 kg with olanzapine for the duration of three weeks to 12 months [@pone.0093310-DeHert1]. The olanzapine-induced weight gain is accompanied by an increase in human visceral white fat [@pone.0093310-Blouin1], [@pone.0093310-Gilles1]. Besides weight gain and adiposity, olanzapine treatment produces other significant metabolic adverse effects, such as elevated blood glucose and cholesterol levels [@pone.0093310-Lindenmayer1]. The prevalence of metabolic syndrome after second generation antipsychotic treatment was reported to be 20--60%, which is at least double the prevalence rate in the general population [@pone.0093310-DeHert2]--[@pone.0093310-Toalson1]. The significant weight gain and adiposity caused by olanzapine treatment are not only observed in clinical practice, but also well-replicated in a number of rodent studies, including a female Sprague-Dawley (SD) rat model [@pone.0093310-Goudie1], [@pone.0093310-Liebig1].

Management of weight gain and metabolic disturbance caused by atypical antipsychotics includes nutritional, behavioral, and pharmacological interventions. Adjunctive medications are regarded as a critical pharmacologic intervention strategy [@pone.0093310-Faulkner1]. Currently, efforts are being put forth in the identification and development of adjunctive medications for the weight gain induced by atypical antipsychotics. A recent review of 32 clinical trials (15 medications, 1482 subjects) reported that only five of the medications significantly ameliorated antipsychotic induced weight gain when compared with placebo treatment. Among those five medications, metformin prevented the greatest weight gain [@pone.0093310-Maayan1]. Although adjunctive metformin treatment has proven to be beneficial in preventing the weight gain resulting from olanzapine treatment in a number of clinical trials [@pone.0093310-Praharaj1]--[@pone.0093310-Chen1], metformin treatment was also shown to prevent olanzapine-induced glucose tolerance in a rat model [@pone.0093310-Boyda1]. Pre-clinical evidence of metformin\'s efficacy on olanzapine-induced weight gain in an animal study is absent.

Berberine, an isoquinoline alkaloid isolated from multiple herbs such as *Coptis Chinesis* and Goldenseal, is a current over-the-counter (OTC) drug in China for microbial diarrhea treatment. Berberine is also sold in the U.S. market currently as a dietary supplement. Recently, multiple pharmacological effects have been reported to be associated with berberine treatment, including anti-microbial, anti-inflammation, cancer treatment, anti-obesity, anti-diabetic, anti-hyperlipidemia [@pone.0093310-Vuddanda1], anti-depression[@pone.0093310-Hu1], and schizophrenia treatment [@pone.0093310-Kulkarni1]. In the last decade, emerging evidence demonstrated that berberine treatment can induce weight loss in rodents [@pone.0093310-Hu2], [@pone.0093310-Zhang1] and human subjects [@pone.0093310-Zhang2], [@pone.0093310-Hu3]. Our previous studies demonstrated that berberine intervention significantly inhibits fat accumulation in cultured adipocytes [@pone.0093310-Hu4], [@pone.0093310-Hu5] and diet-induced-obese mice [@pone.0093310-Hu2]. In a subsequent study utilizing cultured mouse adipocytes, we showed that the berberine treatment completely inhibits fat accumulation induced by the atypical antipsychotics clozapine and risperidone [@pone.0093310-Hu6].

In this study, we examined the effect and possible mechanism of metformin and berberine treatment on olanzapine-induced weight gain, utilizing a well reported female SD rat model. Rat body weight and white adipose tissue weight were recorded to assess the treatment efficacy. Food intake and the weight of brown adipose tissue were monitored to examine the energy intake and expenditure associated with drug treatment. The expression of genes playing critical roles in energy balance was examined using the *Taq*Man OpenArray gene expression platform.

Methods {#s2}
=======

Animals {#s2a}
-------

Approval from the Institutional Animal Care and Use Committee (IACUC) at South Dakota State University was obtained prior to conducting the animal experiments. Female SD rats (7 weeks old) were purchased from the Charles River Laboratories, housed at 22°C, on a 12-h light-dark cycle, and allowed *ad libitum* access to water and standard laboratory chow diet (Harlan Laboratories 2018 pellets) throughout the study. Following one week of habituation, rats were randomly assigned to four groups where each group was balanced on body weight. We selected 12 rats per group: control group, olanzapine group, olanzapine + berberine group, and olanzapine + metformin group. Rats underwent a one week teaching period to gavage once a day with 0.5% methylcellulose (7.5 ml/kg body weight), followed by drug treatment for two weeks (day 1--14). All rats were housed in the same room. In order to streamline animal necropsy and tissue collection, initial drug treatment was staggered (control and olanzapine + metformin groups firstly, followed by olanzapine and olanzapine + berberine groups one day later). As a result of staggering the initiation of drug treatment, rats were sacrificed in two groups. All rats received drug treatment for the same amount of time. However, the last olanzapine administration was followed by rat sacrifice on the same day and therefore was not a full day of drug treatment. Rat body weight data was collected for thirteen days of drug treatment for all animals.

Drug treatments {#s2b}
---------------

Olanzapine was provided by the Avera Pharmacy at the Avera Behavioral Health Center. The assigned dosage of powdered olanzapine was administered according to a previous report (4 mg/kg once a day for the first week, 8 mg/kg once a day for the second week), which demonstrated a significant weight gain in female SD rats [@pone.0093310-Albaugh1]. Berberine treatment at a concentration of 380 mg/kg (once a day) was reported to significantly prevent diet-induced weight gain [@pone.0093310-Lee1], and that same dosage of berberine was used in this study. To date, there is only one animal study that has tested a co-administration of metformin and olanzapine, which reported that metformin treatment at concentrations of 100 mg/kg or 500 mg/kg significantly prevented olanzapine-induced insulin resistance [@pone.0093310-Boyda2]. In this study, metformin was administered at a concentration of 300 mg/kg. All compounds were suspended in 0.5% methylcellulose and administered by gavage once a day. Food consumption and body weight were recorded daily.

Tissue collection {#s2c}
-----------------

After two weeks of drug treatment, rats were anesthetized via CO~2~ anesthesia and exanguinated via cardiac puncture. Cardiac blood samples were collected in EDTA tubes followed by centrifugation to isolate plasma. The plasma samples were stored at −80°C for the subsequent blood glucose and lipid assays. White adipose tissue (perirenal, periovarian, and inguinal fat), interscapular brown adipose tissue, liver, kidney, and spleen were dissected and weighed. The perirenal white adipose, interscapular brown adipose, liver middle lobe, and left thigh skeletal muscle tissues were snap frozen in liquid nitrogen, followed by storage at −80°C for use in subsequent RNA extraction and expression analysis.

Plasma glucose, triglyceride, and total cholesterol assay {#s2d}
---------------------------------------------------------

Plasma glucose concentrations were analyzed using the Accutrend Plus system (Roche USA). Triglyceride concentrations were analyzed using the EnzyChrom Triglyceride Assay kit (BioAssay Systems, Hayward, CA, USA). Plasma total cholesterol concentrations were analyzed using the EnzyChrom AF Cholesterol Assay kit BioAssay Systems, Hayward, CA, USA). All experimental assays were completed according to the manufacturer\'s instructions.

RNA extraction {#s2e}
--------------

Tissue samples (50--100 mg) were suspended in 1 ml Trizol solution (Life Technologies, Carlsbad, CA, USA) and homogenized at room temperature using a tissue homogenizer (Omni International) until no solid tissue was observed. The mRNA was extracted as described in a previous report [@pone.0093310-Hu2]. RNA was quantified using absorbance at 260 nm with a Nanodrop spectrophotometer (Nanodrop, Wilmington, DE, USA).

Gene expression analysis {#s2f}
------------------------

Gene expression analysis was performed with a *Taq*Man OpenArray Real-time RT-PCR System (Life Technologies, Carlsbad, CA, USA). The *Taq*Man OpenArray can be customized to include genes of interest and comes in a wide variety of formats. Prior to the animal experiment, we conducted a thorough literature review and selected 54 candidate genes, plus two endogenous control genes (*β-actin* and *GAPDH*), for the gene expression studies. Any significant expression change in these 54 genes was reported to be associated with olanzapine, metformin, or berberine treatments. The candidate genes selected for this study were shown to be involved in various pathways, including energy/food intake (10 genes), energy expenditure (5 genes), glucose metabolism (7 genes), lipid metabolism (25 genes), inflammation (3 genes), and miscellaneous function (4 genes). A detailed gene list is shown in the [Table S1](#pone.0093310.s001){ref-type="supplementary-material"}.

The experiment was run in accordance with the manufacturer\'s protocol. 10 μl RNA (200 ng/μl) was used to synthesize cDNA using the High Capacity cDNA Reverse Transcription Kit (Life technologies, Carlsbad, CA, USA). The cDNA samples and PCR master mix were combined in 384-well plates and loaded onto OpenArray plates using the OpenArray AccuFill Instrument (Life Technologies, Carlsbad, CA, USA). A Real-Time PCR reaction was performed in a sealed OpenArray plate on the BioTrove OpenArray NT Cycler (Life Technologies, Carlsbad, CA, USA). Fluorescence signals were captured and analyzed with the OpenArray Real-Time qPCR Analysis Software Version 1.0.4 (Life Technologies, Carlsbad, CA, USA). Data was imported to DataAssist v3.01 (Life Technologies, Carlsbad, CA, USA) to calculate the relative expression of the selected genes.

Western Blot analysis {#s2g}
---------------------

Protein expression of Uncoupling Protein-1 (UCP-1) in brown adipose tissue (BAT) was examined by Western Blot utilizing previously described methods [@pone.0093310-Wu1]. Protein samples were extracted from BAT homogenized in RIPA buffer (Sigma, Saint Louis, MO, USA) with the addition of Protease Inhibitor Cocktail (Sigma, Saint Louis, MO, USA). Protein concentration was quantified with the Pierce BCA protein assay (Thermo Scientific, Rockford, IL USA). Primary antibodies for human UCP-1 and β-actin, along with the secondary antibodies, were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Protein was visualized and quantified using the UVP image analysis system (UVP, Upland, CA, USA). The relative protein expression of UCP-1 to β-actin was normalized with the expression level of the control group. Samples from the same treatment group (12 rats per group) were pooled together and then assessed by Western Blot analysis using four replicates.

Statistical analysis {#s2h}
--------------------

The data was analyzed by a repeated ANOVA procedure using the Statistical Analysis System (SAS Institute) software. Significant differences between groups were determined using Duncan\'s multiple range tests at the p\<0.05 (\*). For OpenArray data analysis, only C~T~ values less than 28 were included in the DataAssist analysis. Our results showed that the expression of *β-actin* was much more stable than *GAPDH* across all rat samples. As a result, the relative quantification of gene expression was normalized to the *β-actin* endogenous control. The Benjamini-Hochberg False Discovery Rate method was used to adjust *p* values in order to correct for the multiple tests.

Results {#s3}
=======

Both metformin and berberine treatment significantly prevented olanzapine-induced weight gain and adiposity {#s3a}
-----------------------------------------------------------------------------------------------------------

In female Sprague-Dawley (SD) rats, olanzapine treatment induced significant weight gain and adiposity. As shown in [Figure 1A](#pone-0093310-g001){ref-type="fig"} and [Table 1](#pone-0093310-t001){ref-type="table"}, olanzapine induced significant weight gain at the end of the drug treatment (14.9% of body weight, 30.65±1.93 grams, P = 0.000015) when compared to vehicle treatment (7.2% of body weight, 14.5±2.41 grams). The amount of total white adipose tissue weight (perirenal fat + periovarian fat+ inguinal fat) as a percentage of after blood draw (ABD) body weight was also significantly increased by olanzapine treatment (52.1%) when compared with vehicle treatment ([Figure 1C](#pone-0093310-g001){ref-type="fig"}). The weight increase of subcutaneous white fat and visceral white fat was similar (data not shown). More interestingly, the addition of metformin prevented 35.7% of the body weight gain and 96.3% of the white adipose tissue accumulation induced by the olanzapine treatment. Berberine treatment prevented 39.5% of the body weight gain and 73.9% of the white adipose tissue accumulation when co-administered with olanzapine. At most of the time points during drug treatment, the weight gain attenuation caused by metformin or berberine treatment was very similar. Olanzapine treatment significantly increased the liver weight percentage (6.7%) when normalized to ABD body weight (absolute weight increased from 8.52±0.19 g to 9.54±0.34 g, P = 0.0079). The co-administration of berberine completely prevented the increase in liver weight (8.44±0.21 g, P = 0.0054), while a combination of metformin and olanzapine did not significantly affect liver weight (9.47±0.28 g, P = 0.43) when compared with olanzapine treatment alone. Both kidney and spleen weight were not significantly affected by olanzapine treatment, or olanzapine + metformin treatment, or olanzapine + berberine treatment (data not shown).

![Rat body weight gained during treatment (vehicle, olanzapine, olanzapine + berberine, olanzapine + metformin) (A).\
\* denotes significant difference between olanzapine and control group at P\<0.05; \# denotes significant difference between olanzapine + berberine and olanzapine group at P\<0.05; † denotes significant difference between olanzapine + metformin and olanzapine group at P\<0.05. (B) Average food intake (g/rat/day) for each treatment group. (C) Rat white fat, brown fat, and liver weight percentage normalized to body weight in eacg treatment group. \* denotes significant difference at P\<0.05.](pone.0093310.g001){#pone-0093310-g001}

10.1371/journal.pone.0093310.t001

###### Average weight gain, food intake, white fat weight, brown fat weight, and liver weight in different treatment group (N = 12).

![](pone.0093310.t001){#pone-0093310-t001-1}

  Group       Weight gain (g)   Food intake (g)   White fat (g)   Brown fat (g)   Liver (g)
  ---------- ----------------- ----------------- --------------- --------------- -----------
  Ctrl           14.5±2.41        15.24±0.45        1.93±0.17       0.52±0.02     8.52±0.19
  Olan          30.65±1.93        18.47±0.39        3.02±0.19       0.33±0.05     9.54±0.34
  Olan+Ber      24.26±2.29        18.73±0.53        2.23±0.19       0.46±0.03     8.44±0.21
  Olan+Met      24.88±2.74         17.8±0.67        2.0±0.14        0.6±0.03      9.47±0.28

Both metformin and berberine treatment did not affect food intake but significantly prevented olanzapine-induced brown fat loss {#s3b}
-------------------------------------------------------------------------------------------------------------------------------

Besides determining that metformin or berberine treatment attenuates olanzapine-induced weight gain and adiposity, we also sought to examine the mechanism of action by monitoring energy input and expenditure. We measured food intake and the weight of interscapular brown adipose tissue (BAT) associated with drug treatment in the female SD rats. Food intake in rats treated with olanzapine was significantly increased compared to vehicle treated rats (see [Table 1](#pone-0093310-t001){ref-type="table"}, 18.47 g/day vs. 15.24 g/day; p = 1.42×10^−5^). However, we did not observe any significant reduction of food intake associated with either metformin or berberine treatment combined with olanzapine treatment, when compared to the olanzapine treatment group ([Figure 1B](#pone-0093310-g001){ref-type="fig"} and [Table 1](#pone-0093310-t001){ref-type="table"}). Interestingly, the measurement of BAT weight demonstrated that olanzapine treatment significantly reduced brown fat/body weight percentage by 39.3%. The addition of berberine prevented 70.5% of the BAT weight loss and the addition of metformin completely prevented the BAT weight loss induced by olanzapine ([Figure 1C](#pone-0093310-g001){ref-type="fig"} and [Table 1](#pone-0093310-t001){ref-type="table"}).

Drug treatments did not significantly change blood glucose or lipid levels {#s3c}
--------------------------------------------------------------------------

As shown in [Table 2](#pone-0093310-t002){ref-type="table"}, drug treatment (Olan only, Olan+Ber, or Olan+Met) did not significantly alter the blood glucose, triglyceride, or total cholesterol levels when compared with the control group.

10.1371/journal.pone.0093310.t002

###### Average blood glucose, triglyceride, and total cholesterol levels (mg/dl) in non-fasted female SD rats (N = 12).

![](pone.0093310.t002){#pone-0093310-t002-2}

  Group       Glucose (mg/dl)   Triglyceride (mg/dl)   Total Cholesterol (mg/dl)
  ---------- ----------------- ---------------------- ---------------------------
  Ctrl          120.1±10.8           157.5±7.4                 113.0±5.3
  Olan          122.8±12.9           152.6±9.9                 106.3±7.5
  Olan+Ber       117.6±5.4           150.8±11.4                104.6±4.2
  Olan+Met       120.8±8.6           149.2±8.8                108.0±10.0

Gene expression changes associated with drug treatment {#s3d}
------------------------------------------------------

We sought to define the molecular mechanism of action for berberine and metformin by examining the gene expression changes associated with drug treatment. Our results demonstrated that food intake was not decreased with the addition of berberine and metformin treatment, indicating that the mechanism of action might be affecting energy expenditure and/or energy storage, rather than altering energy intake. Tissues responsible for energy expenditure or lipid metabolism were selected to run on the OpenArray platform. The tissues selected include brown adipose, skeletal muscle, liver, and perirenal white adipose tissue. Visceral white adipose tissue was selected due to its close association with metabolic diseases compared to subcutaneous white adipose tissue [@pone.0093310-Wajchenberg1].

Among 54 genes investigated on the OpenArray plate, there were 38 genes expressed in brown adipose tissue ([Table S2](#pone.0093310.s002){ref-type="supplementary-material"}), 41 genes expressed in skeletal muscle tissue ([Table S3](#pone.0093310.s003){ref-type="supplementary-material"}), 36 genes expressed in liver tissue ([Table S4](#pone.0093310.s004){ref-type="supplementary-material"}), and 41 genes expressed in white adipose tissue ([Table S5](#pone.0093310.s005){ref-type="supplementary-material"}). Most of the genes controlling food intake were not expressed in peripheral tissues. As shown in [Table S2](#pone.0093310.s002){ref-type="supplementary-material"}--[S5](#pone.0093310.s005){ref-type="supplementary-material"}, the expression of a number of genes was significantly regulated by olanzapine treatment alone or by an addition of berberine/metformin. Those genes mainly function as regulators of energy expenditure, glucose metabolism, and/or lipid metabolism.

We believe the key regulators associated with the preventive effects of berberine/metformin are the genes whose expression was significantly regulated by both the treatment of olanzapine (compared to vehicle treatment) and the treatment of olanzapine + berberine/metformin (compared to olanzapine treatment alone). Those genes (full names and abbreviations) and the relative quantifications of their expression are listed in [Table 3](#pone-0093310-t003){ref-type="table"}. As shown in [Table 3](#pone-0093310-t003){ref-type="table"}, olanzapine treatment alone significantly reduced the expression of three genes controlling energy expenditure (*AMPK* and *UCP3* in brown adipose tissue, and *PGC-1α* in skeletal muscle tissue), while the combination treatment of berberine + olanzapine or metformin + olanzapine significantly increased their expression. The addition of metformin also significantly increased *UCP2* gene expression. In skeletal muscle tissue, the gene expression of *UCP2*, *UCP3*, and *PGC-1α* for the olanzapine + metformin treatment group increased 3.7, 25.2, and 7.9 fold respectively, when compared with the control group. Olanzapine treatment significantly up-regulated the expression of the gluconeogenic gene *PCK1* in liver tissue, while the addition of berberine down-regulated its expression. The expression of *GLUT4* and *PKM2*, two genes playing critical roles in glucose metabolism, was down-regulated by olanzapine treatment, but reversed by the addition of berberine. The treatment, consisting of a combination of metformin and olanzapine, was shown to increase the expression of two genes controlling glucose metabolism (*PCK2* in brown adipose tissue and *GLUT4* in brown adipose, skeletal muscle, and white adipose tissue), while olanzapine treatment alone reduced their expression.

10.1371/journal.pone.0093310.t003

###### Relative quantification of gene expression associated with treatment of olanzapine, or olanzapine + berberine, or olanzapine + metformin.

![](pone.0093310.t003){#pone-0093310-t003-3}

  Tissue                  Function                                  Gene                              Ctrl         Olan              Olan+Ber            Olan+Met
  ----------------- -------------------- ----------------------------------------------------------- ------ ------------------- ------------------- -------------------
  Brown fat          Energy expenditure             AMP-activated protein kinase-(*AMPK*)              1     **0.2984 \*\*\***     **0.7719 \***       **1.0536 \***
  Brown fat          Energy expenditure                 Uncoupling protein 3(*UCP3*)                   1      **0.6258 \*\***      **1.0927 \***       **0.866 \***
  Brown fat          Glucose metabolism           Glucose transporters 4(*GLUT4*/*SLC2A4*)             1     **0.2601 \*\*\***    **0.5662 \*\***     **0.7345 \*\***
  Brown fat          Glucose metabolism          Phosphoenolpyruvate carboxykinase 2(*PCK2*)           1       **0.5604 \***          0.9723           **1.1389 \***
  Brown fat          Glucose metabolism                   Pyruvate kinase (*PKM2*)                     1     **0.3443 \*\*\***   **0.8652 \*\*\***        0.6787
  Brown fat           Lipid metabolism            Estrogen sulfotransferase (*EST*/*STE2*)             1     **0.2364 \*\*\***     **0.5898 \***          0.2316
  Brown fat           Lipid metabolism                        Resistin (*RETN*)                        1     **0.2574 \*\*\***        0.3521          **0.5312 \*\***
  Brown fat           Lipid metabolism                   Fatty acid synthase (*FAS*)                   1      **0.4751 \*\***    **0.8386 \*\*\***     **0.8412 \***
  Brown fat           Lipid metabolism               Glyerol-3P acyltransferase (*GPAM*)               1     **0.4017 \*\*\***     **0.7997 \***          0.8525
  Brown fat           Lipid metabolism                Insulin-induced gene 2 (*INSIG2*)                1       **0.5394 \***       **1.2907 \***       **1.0692 \***
  Brown fat           Lipid metabolism             Liver X receptor alpha (*LXRA*/*NR1H3*)             1     **0.5285 \*\*\***     **0.867 \***        **1.1585 \***
  Brown fat           Lipid metabolism                Acyl-CoA dehydrogenase (*ACADV1*)                1       **0.5748 \***       **0.8586 \***       **1.1054 \***
  Brown fat           Lipid metabolism         CCAAT/enhancer binding protein alpha (*C/EBPα*)         1     **0.4098 \*\*\***     **0.6171 \***       **0.7292 \***
  Brown fat           Lipid metabolism    Peroxisome proliferator activated receptor gamma(*PPARγ*)    1     **0.4375 \*\*\***        0.6371           **0.6995 \***
  Liver              Glucose metabolism         Phosphoenolpyruvate carboxykinase 1 (*PCK1*)           1     **4.5756 \*\*\***     **2.4559 \***          3.6892
  Liver               Lipid metabolism                Insulin-induced gene 2 (*INSIG2*)                1      **1.9591 \*\***         1.5637         **0.9216 \*\*\***
  Liver               Lipid metabolism                   HMG-CoA reductase (*HMGCR*)                   1       **0.4599 \***          0.8487           **0.9876 \***
  Liver               Lipid metabolism         CCAAT/enhancer binding protein alpha (*C/EBPα*)         1       **0.6867 \***       **1.0102 \***      **1.0423 \*\***
  Skeletal muscle    Energy expenditure                 Uncoupling protein 3(*UCP3*)                   1      **5.2725 \*\***         5.8264          **25.2141 \***
  Skeletal muscle    Energy expenditure                 Uncoupling protein 2(*UCP2*)                   1       **0.4301 \***           0.518          **3.7121 \*\***
  Skeletal muscle    Energy expenditure              PPARy coactivator-1alpha (*PGC-1α*)               1       **0.6291 \***       **1.1504 \***       **7.93 \*\***
  Skeletal muscle    Glucose metabolism           Glucose transporters 4(*GLUT4*/*SLC2A4*)             1      **0.6831 \*\***      **0.9159 \***      **5.8091 \*\***
  Skeletal muscle     Lipid metabolism            Low-density lipoprotein receptor (*LDLR*)            1      **0.4547 \*\***         0.5519          **2.5828 \*\***
  Skeletal muscle     Lipid metabolism     Sterol regulatory element binding protein-1 (*SREBP-1*)     1      **4.1306 \*\***         5.9079         **34.5536 \*\***
  White fat          Glucose metabolism           Glucose transporters 4(*GLUT4*/*SLC2A4*)             1       **0.6919 \***        **1.7306**       **1.1937 \* \***
  White fat           Lipid metabolism         CCAAT/enhancer binding protein alpha (*C/EBPα*)         1      **1.5371 \*\***      **2.3521 \***       **2.7735 \***
  White fat           Lipid metabolism                   Fatty acid synthase (*FAS*)                   1      **1.5579 \*\***     **2.8311 \*\***      **2.0223 \***
  White fat           Lipid metabolism              Glycerol-3P acyltransferase (*GPAM*)               1       **1.2941 \***      **2.9321 \*\***     **2.3294 \*\***
  White fat           Lipid metabolism                   HMG-CoA reductase (*HMGCR*)                   1       **0.5825 \***      **0.7815 \*\***         0.7125
  White fat           Lipid metabolism                Stearoyl-CoA desaturase (*SCD1*)                 1      **3.569 \*\***       **4.8277 \***           3.268
  White fat           Lipid metabolism     Sterol regulatory element binding protein-1 (*SREBP-1*)     1       **0.5412 \***       **1.1571 \***       **1.2275 \***
  White fat           Lipid metabolism                    Apolipoprotein E (*APOE*)                    1       **0.4891 \***       **0.4128 \***       **0.6056 \***

Bold numbers are significant expression changes (Olan vs. Ctrl, or Olan+Ber vs. Olan, or Olan+Met vs. Olan). \* denotes significant expression change at P\<0.05; \*\* denotes significant expression change at P\<0.01; \*\*\*denotes significant expression change at P\<0.001.

The expression of a number of genes involved in lipid metabolism was also significantly regulated by the treatment of olanzapine. Specifically, the expression of a key lipogenic gene, the sterol regulatory element binding protein-1 gene (*SREBP-1*), was down-regulated by olanzapine treatment ([Table 3](#pone-0093310-t003){ref-type="table"}). The addition of berberine or metformin to olanazapine treated rats significantly up-regulated *SREBP-1* gene expression. The combination treatment, either with berberine or metformin, restored the *SREBP-1* expression to normal levels (control group).

Olanzapine treatment significantly reduced UCP-1 protein expression while the addition of berberine or metformin restored its expression to control levels {#s3e}
----------------------------------------------------------------------------------------------------------------------------------------------------------

As shown in [Figure 2](#pone-0093310-g002){ref-type="fig"}, olanzapine treatment significantly decreased UCP-1 protein expression (by 41.7%), when compared with the vehicle treatment (control group). The combination treatment (either Olan+Ber or Olan+Met) significantly increased UCP-1 protein expression when compared with olanzapine treatment. The addition of either berberine or metformin restored the olanzapine-reduced UCP-1 protein expression to normal (control group).

![UCP-1 and β-actin protein expression in each treatment group (vehicle, olanzapine, olanzapine + berberine, olanzapine + metformin) (A).\
Quantification of relative protein expression of UCP-1 to β-actin, when normalized with the control group (B). \* denotes significant difference at P\<0.05.](pone.0093310.g002){#pone-0093310-g002}

Discussion {#s4}
==========

Antipsychotic-induced metabolic adverse effects are not only risk factors for cardiovascular disease and insulin resistance leading to increased morbidity and mortality, but also, these effects impair the patient\'s adherence to treatment [@pone.0093310-Tschoner1]. Many efforts have been ongoing for the identification and development of adjunctive medications to prevent the weight gain induced by antipsychotics including olanzapine. Metformin is a first line medication to treat type II diabetes, with a putative mechanism of inhibitory hepatic gluconeogenesis [@pone.0093310-Viollet1]. Interestingly, a number of recent clinical trials reported a significant attenuation efficacy of metformin treatment on olanzapine-induced weight gain, with an unindentified mechanism of action [@pone.0093310-Maayan1]. We are the first group to observe the clinical preventive efficacy of metformin treatment in an olanzapine-induced weight gain rat model. This finding in rats also enabled us to further investigate the mechanism of metformin\'s action. Berberine treatment was reported to reduce fat accumulation *in vitro*, *in vivo*, and in human subjects [@pone.0093310-Hu3], [@pone.0093310-Lee1]. In our rat study, the results demonstrated that berberine treatment prevented 39.5% of body weight gain and 73.9% of white adipose tissue accumulation induced by olanzapine, which is a comparable efficacy to metformin treatment (weight gain and tissue weights were normalized with rat body weight). We are the first group to demonstrate that a dietary supplement, berberine, significantly prevents olanzapine-induced weight gain *in vivo*, which might imply a potential effectiveness on human subjects. So far multiple *in vivo* studies have reported excellent effectiveness of berberine treatment on non-alcoholic fatty liver disease [@pone.0093310-Xing1], [@pone.0093310-Yang1]. Our data also showed that the addition of berberine completely prevented the significant increase (by 6.7%) of liver weight induced by olanzapine, suggesting a possible benefit of berberine treatment on liver function disturbed by the olanzapine treatment.

We sought to investigate the mechanism of action for metformin and berberine from the perspective of energy balance. The increased energy storage induced by olanzapine was extensively considered a result of both increased energy intake (such as hyperphagia) [@pone.0093310-Kluge1], [@pone.0093310-Case1] and reduced energy expenditure (such as decreased thermogenesis) [@pone.0093310-Kreuzer1], [@pone.0093310-Kudoh1]. Our results showed that olanzapine treatment increased food intake by 21.2%, enhanced fat accumulation by 52.1%, and reduced brown fat amount by 39.3%, when compared with the control group. Neither a co-administration of metformin nor berberine significantly prevented the increased food intake induced by olanzapine. Metformin treatment has been reported to reduce food intake in rodent studies [@pone.0093310-DAgostino1]. Our results showed that the combined treatment of metformin and olanzapine did not significantly prevent increased food intake induced by olanazpine, which was probably due to the specific drug dosages used in our study. Although some studies reported a reduced food intake associated with berberine treatment in rodents [@pone.0093310-Wang1], other articles showed that berberine treatment did not affect food intake [@pone.0093310-Lee1], [@pone.0093310-Zhang3]. Our results showed that berberine + olanzapine treatment did not prevent olanzapine-increased food intake.

Interestingly, the addition of metformin prevented 96.3% of the white adipose accumulation induced by olanzapine, which is associated with a complete restoration of brown fat loss caused by olanzapine. The addition of berberine prevented 73.9% of the white adipose accumulation with a 70.5% attenuation of brown fat loss induced by olanzapine. This is the first evidence that adjunctive berberine or metformin treatment significantly prevents olanzapine-induced brown fat weight loss. The weight of rodent brown fat is shown to be associated with changes in core body temperature [@pone.0093310-Makino1]. Our tissue weight data strongly suggest the mechanism of action for metformin or berberine occurs by increasing energy expenditure or directly reducing energy storage, rather than inhibition of energy intake. On the other hand, since the treatment of metformin or berberine did not moderate olanzapine-induced food intake, it is not surprising that the drug treatment only partially prevented olanzapine-induced weight gain.

With the aim of elucidating the molecular mechanism of metformin and berberine\'s efficacy, we performed gene expression assays utilizing the tissues responsible for energy expenditure and storage. Brown adipose tissue is the key tissue responsible for thermogenesis (heat production) in rodents. Among five genes controlling thermogenesis in brown adipose tissue (BAT), olanzapine treatment resulted in significantly reduced expression of three genes (*AMPK*, *UCP2*, and *UCP3*). Reduced expression of *AMPK*, *UCP2*, and *UCP3* suggests thermogenesis would be decreased, which is consistent with olanzapine-reduced BAT temperature reported by another research group [@pone.0093310-Stefanidis1]. Olanzapine treatment did not significantly change the mRNA expression of a key thermogenic effector, *UCP1*, in brown adipose tissue. Just recently it was reported that there is a low correlation between levels of *UCP1* mRNA and UCP1 protein [@pone.0093310-Nedergaard1], therefore we decided to perform a Western Blot assay to assess UCP1 protein expression. The results demonstrated that the regulation of UCP1 protein expression associated with drug treatment was similar to the expression changes of other thermogenic genes. Interestingly, the addition of metformin or berberine to olanzapine treatment significantly reversed the effect of olanzapine on the expression of two of the three genes (*AMPK* and *UCP3*). Co-administration of metformin also significantly increased *UCP1* gene expression when compared with olanzapine treatment alone. Our BAT gene expression results suggest that the co-administration of metformin or berberine might prevent olanzapine-reduced thermogenesis, which is consistent with our finding of BAT weight changes associated with the drug treatments. In another critical energy expenditure tissue, skeletal muscle, olanzapine treatment reduced the expression of *PGC-1α* and *UCP2* but increased the expression of *UCP3*, thus the overall effect of olanzapine treatment on energy expenditure in skeletal muscle tissue is not clear. Interestingly, the addition of metformin to the olanzapine treatment increased the expression of all five genes, while the addition of berberine increased the expression of *PGC-1α* in skeletal muscle tissue, when compared with olanzapine treatment alone. Based on the observed gene expression data, the co-administration of metformin or berberine would increase energy expenditure in skeletal muscle tissue. Although the BAT weight and gene expression data strongly suggest increasing energy expenditure for berberine or metformin\'s action, a limitation of this study is the absence of a direct measurement of energy expenditure.

Olanzapine treatment showed an increase in blood glucose levels in human subjects [@pone.0093310-Schreiner1] as well as in rodents [@pone.0093310-Smith1]. Both metformin and berberine are potent anti-diabetic compounds. A combination of metformin and olanzapine was reported to decrease insulin resistance in an animal study [@pone.0093310-Boyda2], while the effects of berberine combined with olanzapine on glucose levels currently remains unexamined *in vivo*. Our gene expression analysis showed that the expression of *PCK1*, a key gene controlling hepatic gluconeogenesis, significantly increased due to the olanzapine treatment. Conversely, the addition of berberine significantly reduced the expression. Glucose transporter 4 (*GLUT4*) facilitates cellular glucose intake. The expression of *GLUT4* in brown adipose tissue, skeletal muscle tissue, and white adipose tissue was significantly reduced by olanzapine treatment, while co-administration of metformin or berberine significantly increased its expression in the three tissues. Our gene expression data suggested a beneficial effect of metformin or berberine on olanzapine-increased glucose levels. Increased fasting blood glucose and lipid levels are associated with olanzapine treatment in human subjects [@pone.0093310-Feng1] and in animal studies [@pone.0093310-Ikegami1]. The female SD rat model we utilized is the most broadly reported animal model for olanzapine-induced weight gain, however this model is not ideal for olanzapine-induced hyperglycemia or hyperlipidemia. Many articles reported no change in glucose/lipid levels [@pone.0093310-Fell1] or made no reference to glucose/lipids data at all [@pone.0093310-Liebig1], [@pone.0093310-Sejima1] in the olanzapine-induced weight gain animal models. We measured the glucose and lipid levels and did not find significant changes.

Olanzapine-induced adiposity is associated with expression changes in a number of lipogenic and/or adipogenic genes [@pone.0093310-Skrede1]. Those genes are included in our OpenArray expression platform data. Gene expression was analyzed within different rat tissue samples. In BAT, our gene expression data showed that olanzapine treatment significantly decreased the expression of ten adipogenic or lipogenic genes, without up-regulation of genes involved in lipid metabolism. This is consistent with a recent report from another research group stating that second generation antipsychotics inhibited the expression of a number of adipogenic and lipogenic genes [@pone.0093310-Oh1]. Our results also showed that the addition of either metformin or berberine restored the expression of eight of these ten genes to near normal levels. How olanzapine-decreased expression of lipogenic genes in BAT contributes to the olanzapine-induced BAT weight loss is not clear, though the addition of berberine or metformin bringing those genes\' expression to control group levels might be beneficial. Both metformin and berberine are reported to be *AMPK* activators [@pone.0093310-Sejima1], [@pone.0093310-Russo1]. In this study, we did not examine the activity of *AMPK*, but we did observe that olanzapine-reduced *AMPK* expression in BAT was restored close to control group levels, when co-administrated with metformin or berberine. In peripheral white adipose tissue, increased AMPK activity was shown to be associated with weight loss and reduced lipogenic gene expression [@pone.0093310-Lee2]. Interestingly, decreased AMPK activity in the rat hypothalamus was reported to be associated with weight loss as well [@pone.0093310-MartnezdeMorentin1]. How the AMPK activity (including gene expression) in BAT affects body weight and lipogenic gene expression is not clear. Future studies will be needed to elucidate this.

In white adipose tissue, olanzapine treatment was shown to significantly increase the expression of *C/EBPα*, *FAS*, and *GPAM*. This suggests increased adipogenesis and lipogenesis. Interestingly, our results also showed that olanzapine treatment reduced the expression of a key lipogenic transcription factor, *SREBP-1*, to 0.54 fold in white adipose tissue. A recent article from another research group reported that acute olanzapine administration to rats resulted in rapid up-regulation of *SREBP-1* in white adipose tissue, followed by a late phase down-regulation (after 3 hours of treatment) [@pone.0093310-Jassim1]. Our rats were sacrificed on average after 4 hours of drug treatment, which could be a reason for the rebound effect of *SREBP-1* expression. Our previous study [@pone.0093310-Hu6] showed that berberine prevented fat accumulation induced by atypical antipsychotics (clozapine and risperidone) *in vitro*, associated with the down-regulation of lipogenic *SREBP-1* gene expression. Interestingly, in this animal study, our data showed that the attenuation of olanzapine-induced weight gain by the addition of berberine was associated with increased *SREBP-1* expression, when compared with olanzapine treatment alone. The expression of *SREBP-1* in white adipose tissue was initially increased by clozapine or olanzapine treatment, followed by down-regulation [@pone.0093310-Jassim1]. Our animal study showed a down-regulated expression of *SREBP-1* by olanzapine treatment, while the addition of berberine treatment restored its expression close to normal levels (control group). Although the exact reason for the discrepancy in *SREBP-1* gene expression between *in vitro* and *in vivo* studies is not clear, it seemed that berberine treatment in both studies reversed the effects of antipsychotics on *SREBP-1* expression, which is associated with a prevention of antipsychotic-induced fat accumulation.

In skeletal muscle tissue it is very interesting to note that the expression of SREBP-1 was increased 4.1 fold by olanzapine treatment, while the addition of metformin increased its expression 34.6 fold. Although little is known about the function of SREBP-1 in skeletal muscle, a few recent studies suggest that over-expression of *SREBP-1* induces skeletal muscle atrophy [@pone.0093310-Dessalle1], [@pone.0093310-Lecomte1]. Attention should be paid to the possible muscle loss side effect caused by olanzapine or metformin treatments based on this expression finding.

In conclusion, both metformin and berberine treatments demonstrated a significant prevention of olanzapine-induced weight gain and adiposity in SD female rats. Olanzapine treatment significantly reduced rat BAT weight and down-regulated the expression of key thermogenic genes including *AMPK* and *UCP3*. The addition of metformin or berberine significantly prevented BAT weight reduction and up-regulated *AMPK* and *UCP3* expression. Our findings on the regulation of BAT weight and regulation of gene expression indicate a potential mechanism of stimulating energy expenditure through metformin or berberine treatment.
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